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Edited by Hans EklundAbstract Using rat dopaminergic and human neuroblastoma
cell lines transduced with the NDI1 gene encoding the internal
NADH dehydrogenase (Ndi1) from Saccharomyces cerevisiae,
we investigated reactive oxygen species (ROS) generation caused
by complex I inhibition. Incubation of non-transduced cells with
rotenone elicited oxidative damage to mitochondrial DNA as
well as lipid peroxidation. In contrast, oxidative stress was sig-
niﬁcantly decreased when the cells were transduced with NDI1.
Furthermore, mitochondria from the NDI1-transduced cells
showed a suppressed rate of ROS formation by the complex I
inhibitors. We conclude that the Ndi1 enzyme is able to suppress
ROS overproduction from defective complex I.
 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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One important mechanism by which a defective mitochon-
drial respiratory chain may lead to cell death is overproduction
of reactive oxygen species (ROS), which are common byprod-
ucts of the respiration in mitochondria. Major sites of ROS
production in the cells are considered to be complex I and
complex III in the mitochondrial respiratory chain [1]. ROS
overproduction has been reported for cells bearing pathogenic
mutations in mitochondrial DNA (mtDNA), especially when
complex I is impaired [2]. In addition, it has recently been
hypothesized that the ROS overproduction caused by complex
I defects is involved in Parkinsonian animal models [3,4].
In an attempt to use the internal NADH dehydrogenase
from Saccharomyces cerevisiae (Ndi1) enzyme as a replace-
ment molecule for defective complex I, we carried out a seriesAbbreviations: Complex I, proton-translocating NADH-quinone oxi-
doreductase; Ndi1, internal NADH dehydrogenase from Saccharomy-
ces cerevisiae; ROS, reactive oxygen species; mtDNA, mitochondrial
DNA; nDNA, nuclear DNA; rAAV-NDI1, recombinant adeno asso-
ciated virus carrying the NDI1 gene; 8-oxo-dG, 8-oxo-deoxyguanosine;
BODIPY or C11-BODIPY
581/591, 4,4-diﬂuoro-5-[4-phenyl-1,3-butadie-
nyl]-4-bora-3a,4a-diaza-s-indacine-3-undecanoic acid; FCCP, carbonyl
cyanide p-triﬂuoromethoxyphenylhydrazone
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doi:10.1016/j.febslet.2006.10.008of experiments. So far, we have shown that the expressed Ndi1
protein restored the NADH oxidation in complex I-deﬁcient
mutant cells. It was of interest to investigate the consequence
of the Ndi1 expression in terms of mitochondrial ROS stimu-
lation by complex I impairment.
In this paper, we used a dopaminergic cell line rat PC12 and
a human neuroblastoma cell line SK-N-MC, and examined the
ROS generation induced by complex I inhibitors such as rote-
none and report protective eﬀect by the Ndi1 enzyme against
the oxidative stress.2. Materials and methods
2.1. Cell culture and rAAV-NDI1 infection
PC12 and SK-N-MC cells were cultured at 37 C in a 5% CO2 atmo-
sphere as described before [5]. Both cells (1 · 105) were infected with
recombinant adeno associated virus carrying the NDI1 gene [6]. Cells
expressing NDI1 were selected by culturing in DMEM containing
5 mM galactose, 10% FBS and 100 nM rotenone for 1 week.2.2. Isolation of mitochondria
Mitochondrial fractions were prepared from freshly harvested cells
according to Trounce et al. [7]. Protein concentrations of mitochon-
drial preparations were determined using BCA protein assay kit.
2.3. DNA damage assessed by 8-oxo-dG staining
Cells were grown in DMEM (10% serum) until 80% of conﬂuence.
Rotenone was added at a ﬁnal concentration of 1 lM and the incuba-
tion was continued for 6 h. Cells were pre-treated with 100 lg/ml
RNase and acidic solution (4 N HCl). Immunochemical staining of
8-oxo-dG was performed using anti-8-oxo-dG antibody and Alexa
ﬂuor488 IgG1 as the primary and secondary antibody, respectively.
2.4. Measurement of lipid peroxidation
Cells plated at 1 · 105 cells/ml in modiﬁed Krebs-HEPES buﬀer
(140 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.25 mM MgSO4,
1.0 mM CaCl2, 15 mM Glucose, and 10 mM HEPES, pH 7.4) were
incubated with 1 lM BODIPY for 30 min at 37 C. Rotenone was
added to the cells and, after 1–3 days, oxidation of BODIPY was
observed under a ﬂuorescence microscope. Images were analyzed using
MetaFluor 6.0 imaging software.2.5. Measurement of ROS production by mitochondria
Generation of ROS was monitored using a ﬂuorescent probe, Am-
plex Red. The reaction mixture contained 50 lMAmplex Red reagent,
0.1 unit/ml horseradish peroxidase, 154 mM KCl, 10 mM KH2PO4,
3 mM MgCl2, and 0.1 mM EGTA. The respiratory substrate was
either glutamate/malate or succinate. Samples were placed in a 96-well
plate and the ﬂuorescence was measured in a SPECTRA max M2 ﬂuo-
rescence microplate reader at 37 C for 40 min. Excitation and emis-
sion wavelengths were, respectively, 530 and 590 nm. A calibration
curve was generated with known amounts of H2O2.blished by Elsevier B.V. All rights reserved.
Fig. 2. Lipid peroxidation caused by rotenone and the protective eﬀect
by Ndi1. Rat PC12 cells, both control and NDI1-transduced, were ﬁrst
incubated with 1 lM BODIPY for 30 min and then incubated in the
presence of 3 or 5 lM rotenone for 3 days. Top panels are microscope
images of the cells treated with no (0) or 5 (5) lM rotenone. Oxidized
BODIPY changes its ﬂuorescence from red to green. Bottom panels
are statistical analysis of the ﬂuorescent intensity of BODIPY after
rotenone treatment at 3 and 5 lM. Data were taken as the average
ﬂuorescence for groups of 10–20 cells per ﬁeld. , P < 0.05.
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3.1. DNA damage by ROS
One of the early events associated with generation of ROS is
an oxidative modiﬁcation of nucleotides. In particular, ROS
mediate 8-hydroxylation of the guanine base, which results
in formation of 8-oxo-dG [8]. We assayed for 8-oxo-dG as a
measure of cellular generation of ROS using PC12 cells
(Fig. 1). When cells were incubated in the presence of 1 lM
rotenone for 6 h, a high level of 8-oxo-dG was detected. The
formation of 8-oxo-dG clearly overlapped with the ﬂuores-
cence of the mitochondrial marker, indicating that oxidative
damage occurred mostly to mtDNA. In quite contrast, cells
transduced with the NDI1 gene exhibited no discernable 8-
oxo-dG formation by rotenone under the conditions that
caused considerable mtDNA damage in control cells. Further-
more, we tested the eﬀect of Antimycin A, an inhibitor of com-
plex III, known to stimulate ROS production [9]. As expected,
incubation of cells with Antimycin A resulted in 8-oxo-dG for-
mation in both the control and the NDI1-transduced cells.
3.2. Lipid peroxidation by ROS
As another measure of oxidative injury we used a lipophilic
ROS-sensitive probe, BODIPY. BODIPY shifts its ﬂuores-
cence from red to green when oxidized and has been commonly
used as a reporter molecule for lipid peroxidation [10]. When
PC12 cells were incubated in the presence of rotenone for 3
days, a marked increase of the green ﬂuorescence from the re-
porter dye was observed (Fig. 2). Shorter incubation with rote-
none did not yield such a profound eﬀect, implying that
modiﬁcation of lipids may represent more extensive oxidative
damage. Even under these conditions, the NDI1-transduced
cells exhibited only a slight increase in the green ﬂuorescence.
Statistical analysis of the images clearly indicated that the
Ndi1 enzyme provided a protective eﬀect against oxidative
damage caused by rotenone (Fig. 2). Similar results were ob-
tained with SK-N-MC cells (data not shown).
3.3. ROS generation by isolated mitochondria
To perform more direct assays for ROS generation, we pre-
pared mitochondrial fractions from SK-N-MC cells. Mito-Fig. 1. Oxidative DNA damage induced by rotenone and the protective eﬀe
incubated with 1 lM rotenone for 6 h (middle panels) or 1 lM Antimycin
marker of oxidative DNA damage, was done using anti-8-oxo-dG antibody
DAPI, respectively.chondria isolated from the control cells and those from the
NDI1-transduced cells were incubated with either rotenonect by Ndi1. Rat PC12 cells, both control and NDI1-transduced, were
A for 6 h (bottom panels). Immunochemical staining for 8-oxo-dG, a
. Mitochondria and nuclei were visualized by using MitoTracker and
Fig. 3. H2O2 generation in the presence of rotenone and Antimycin A
in mitochondrial fractions. Mitochondria isolated from the non-
transduced control and the NDI1-transduced SK-N-MC cells were
treated with rotenone (10 lM) or Antimycin A (10 lM). Amplex Red
(50 lM) was used to monitor H2O2 generation. The respiratory
substrate used was either glutamate plus malate (Glu/Mal) or succinate
(Succ). Data presented are an average of three measurements. Each set
of experiment was repeated at least four times. It should be noted that
the diﬀerence in Antimycin A-dependent H2O2 formation between
control and NDI1-transduced samples with succinate as the substrate
was not statistically signiﬁcant.
Fig. 4. Eﬀect of various complex I inhibitors and an uncoupler on
H2O2 production in mitochondrial fraction. Mitochondria isolated
from non-transduced and NDI1-transduced PC12 cells were incubated
in the presence of the agents indicated. Amplex ﬂuorescence was
monitored as described in Fig. 3 with either glutamate plus malate
(Glu/Mal) or succinate (Succ). Data were from three measurements.
Error bars represent standard deviation (S.D.). The 100% value of the
rate of H2O2 production was 113 ± 9 (S.D.) pmol H2O2/mg/min
(glutamate/malate) or 84 ± 11 (S.D.) pmol H2O2/mg/min (succinate).
, P < 0.01.
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NADH-related respiratory substrate. H2O2 generation was
monitored using a ﬂuorescent probe, Amplex red [11]. As
shown in Fig. 3, in the control, both inhibitors stimulated
ROS formation. In the case of mitochondria from the NDI1-
transduced cells, rotenone-induced, but not Antimycin-
induced, generation of ROS was suppressed signiﬁcantly. As
expected, Antimycin A elicited ROS generation regardless of
the respiratory substrate used and of the presence of the
Ndi1 enzyme. Similar results were obtained with mitochondria
isolated from PC12 cells. It may be noted that rotenone-depen-
dent ROS production is caused by forward electron transfer
through complex I rather than by reverse electron ﬂow because
the latter should be inhibited by rotenone. Furthermore,
uncoupler carbonyl cyanide p-triﬂuoromethoxyphenylhydr-
azone did not aﬀect rotenone-dependent ROS generation
(Fig. 4) in agreement with the observation that ROS formation
supported by NADH-linked substrate is independent of mem-
brane potential [12]. We have also tested two other complex I
inhibitors, fenpyroxymate and pyridaben (Fig. 4). These inhib-
itors share their binding site(s) with rotenone on complex I as
shown in our earlier photoaﬃnity labeling experiments [13].
Like rotenone, both fenpyroxymate and pyridaben increased
ROS generation in the presence of glutamate/malate, although
to a slightly lesser extent. As expected, the expressed Ndi1 en-
zyme suppressed the ROS stimulation by these complex Iinhibitors. Neither uncoupler nor complex I inhibition aﬀected
the basal level of ROS when the respiratory substrate was suc-
cinate.4. Discussion
Major consequences of complex I dysfunction are impair-
ment of the ability of the respiratory chain to oxidize NADH
to NAD and overproduction of ROS. We have shown that the
Ndi1 enzyme introduced in mitochondria of complex I-deﬁ-
cient mutant cells was able to restore NADH oxidation by
working as an alternative NADH dehydrogenase [14]. This
takes care of the ﬁrst problem described above but may not
eliminate the harmful ROS generation from existing complex
I. ROS overproduction causes DNA mutations, lipid peroxi-
dation and protein denaturation and may eventually lead to
pathophysiological events such as aging and neurodegenera-
tion [15]. In fact, Leber’s hereditary optic neuropathy is con-
sidered to be associated with oxidative stress derived from
complex I defects [2]. Furthermore, it has been reported that
Parkinsonian symptoms of rotenone-rat models are induced
by ROS generation rather than by inhibition of the respiratory
activity [3]. Our present study showed that rotenone treatment
of cells resulted in oxidative damage to mtDNA and lipid
peroxidation. It then turned out that these lethal eﬀects by
rotenone-induced ROS generation were prevented by imple-
menting the Ndi1 enzyme in the host mitochondrial electron
6108 B.B. Seo et al. / FEBS Letters 580 (2006) 6105–6108transfer chain. Therefore, we conclude that the expressed Ndi1
enzyme may play a dual role in rescuing complex I-deﬁcient
cells; one is to re-establish electron transfer from NADH to
quinone and the other is to suppress oxidative damage. Our re-
sults appear to indicate that, at least under the conditions em-
ployed, the Ndi1 enzyme dominates in the system minimizing
contributions from complex I. It is important to pursue the
study on the mechanism of this apparent ‘‘takeover’’ and reﬁne
the conditions to realize the desired eﬀects, especially in in vivo
experiments.
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